For over 20 years, researchers have agreed that when pentacesium trihydrogen tetrasulfate hydrate (Cs 5 H 3 (SO 4 ) 4 ·xH 2 O) is heated through 141°C, the observed conductivity increase corresponds to a physical transformation: a first-order superprotonic phase transition. A careful high-temperature phase behavior examination of this acid salt was performed by means of simultaneous thermogravimetric and differential scanning calorimetry, conventional and modulated differential scanning calorimetry, and impedance spectroscopy. The results present evidence that this transformation is of chemical, instead of physical nature. The conductivity increase is an exclusive consequence of a partial thermal decomposition, where liquid water (dissolving part of the surface salt) and hygroscopic cesium pyrosulfate (Cs 2 S 2 O 7 ), as decomposition products, behave like a polymer electrolyte membrane where the proton transport mechanism includes the vehicle type, using hydronium (H 3 O + ) as a charge carrier. Additionally, it was found that the intermediate temperature transformation (so-called isostructural phase transition) at around 87°C is also of chemical nature.
Introduction
For several decades, important scientific and technological efforts have been undertaken to discover an efficient renewable energy source compatible with environmental sustainability. Within this context, fuel cells have taken a leading role due to their high efficiency and almost null pollution level. For example, polymer electrolyte membrane (PEM) fuel cells have been used on commercial applications. Unfortunately, to work properly, their electrolytic separator requires moisture [1, 2] . Consequently, the PEM contains liquid regions between the polymer molecules and, therefore, proton conduction does not occur within a truly solid phase [3] . This fact limited the maximum working operating temperature to the water's boiling point, precluding further increase of fuel cell efficiency. However, if the working temperature is too high, a higher operating cost is required. Moreover, for technical reasons, a truly solid electrolyte is preferred for fuel cell applications. Consequently, finding a real (anhydrous) solid ionic conductor that works in the temperature range of 100-300°C [1] constitutes the goal. A material that meets these conditions, suggested as a fuel cell electrolytic separator is the acid salt pentacesium trihydrogen tetrasulfate hydrate [4] (Cs 5 H 3 (SO 4 ) 4 ·xH 2 O; usually denoted as PCTS). This is a member of the M 5 H 3 (XO 4 ) 4 ·xH 2 O family compounds (where M = K, Rb, NH 4 , Cs; X = S, Se; 0 ≤ x ≤ 1), which according to several authors [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] when heated through around 141°C, a physical transformation takes place from low proton to a superprotonic conducting phase. The superprotonic state corresponds to a rotating phase, where the electric charge transport takes place by means of reorientations of the sulfate tetrahedral accompanied by proton interbond hopping [6, 13] . According to Raman spectroscopy results, Yuzyuk et al. [5] suggest that the high-temperature phase possibly corresponds to a hexagonal symmetry (P6 3 /mmm) with one formula unit in the unit cell. However, to our knowledge, the complete identification of the crystalline structure of the superprotonic phase, including unit cell atomic positions, has not been determined. On the other hand, these same authors [5] do not exclude the possibility that when PCTS approaches 141°C, the following chemical transformation might take place.
Thus, the room temperature PCTS single-phase becomes a heterogeneous system. Therefore, they propose two options; either PCTS presents, by itself, the physical transformation (the superprotonic phase transition) or it is its decomposition product CsHSO 4 , CHS. Raman [5] and Brillouin [14] spectroscopy measurements propose the existence of an isostructural phase transition at the intermediate temperature of 87°C. However, it is important to note that this transition temperature value spreads significantly (into a 32°C temperature range), according to that reported by different authors; for example, while Lim [7] assumes 67°C, Fedoseev et al. [15] report 99°C. Instead of this physical transformation, Baranov et al. [16] propose that when PCTS is heated through 87°C, the sample (consisting of a single-phase) transforms into a multiphase microstructure, where precipitates of the monoclinic phase of CsHSO 4 and Cs 3 H(SO 4 ) 2 (or Cs 2 SO 4 ) appear in the PCTS hexagonal matrix with a volume fraction ratio of 10/5/85 (or 10/3/87). The respective thermal decomposition reaction corresponds to:
Here, for stoichiometric reasons, the last chemical product was multiplied by two. Based on thermogravimetric results [17] in which no weight loss was observed, these authors [16] conclude that in the multiphase state formation, liquid water forms separate phases located on the interface boundaries. Conversely to this hypothesis, Yakushkin et al. [4] propose that at 97°C, the following solid-phase reaction initiates (without liquid products):
Despite these discrepancies, some works [4, 5, 16] agree in assuming that CsHSO 4 (CHS) is an obligated decomposition product (reactions 1, 2, and 3). This chemical product has been proposed because of the coincidence between the PCTS superprotonic transition temperature (141°C) and the transition temperature from the low proton (monoclinic) to the CHS superprotonic conducting (tetragonal) phase (141°C).
Therefore, PCTS does not exhibit the superprotonic phase, but instead its thermal decomposition product, CHS [4] . According to the electrical characterization of PCTS [4] , the weight fraction of CHS on the PCTS sample after the superprotonic phase transition occurs is 25%.
In accordance with this literature review, even though chemical transformations are involved, all authors assume that the conductivity increase observed at 141°C is consequential of a physical transformation. In addition, based on thermogravimetric analyses, Ortiz et al. [18] report that CHS presents surface thermal decomposition at the same temperature value where the superprotonic phase (141°C) transition has been reported. This work assumes that this decomposition explains both the ionic conductivity increase and the misinterpretation of a superprotonic (monoclinic → tetragonal) phase transition in CHS. The proposed decomposition reaction is as follows:
Inspired by Lee [25] and RbH 2 PO 4 [22, 26] , respectively.
To shed light on the high-temperature phase behavior of the PCTS compound, this work seeks to examine if the nature of the PCTS high-temperature transformations (especially that related to the superprotonic phase transition) is truly physical, or is chemical instead.
Experimental details
Cesium sulfate (Cs 2 SO 4 , 99.99%) was obtained from SigmaAldrich Co., USA, and sulfuric acid (H 2 SO 4 , 95-97%) from Merck, Germany. The PCTS crystals were grown via slow evaporation of the aqueous solution containing stoichiometric amounts of these compounds. The sample was kept in a test tube placed into a tightly sealed glass bottle with moisture indicator silica.
Simultaneous thermogravimetric and differential scanning calorimetry (TG-DSC) measurements were performed by using TA-Instruments SDT 2960 equipment; conventional (DSC) and modulated differential scanning calorimetric (MDSC) measurements were performed with a TAInstruments 2920 analyzer. The MDSC experiment was carried out with an average heating rate, amplitude, and modulation period of 0.2°C min
, 0.3°C, and 60 s, respectively. Ultra-high-purity helium gas with a 25 mL min −1 flux was used for all these experiments. Conducting silver paint on both faces of a flat crystal was used as electrodes for the complex impedance measurements, which were performed by means of a Solartron 1260A analyzer. The dc conductivity was calculated from the frequency dependence of the real part of the complex conductivity following a well-established procedure [27, 28, 32] .
Results and discussion
A DSC thermogram on a PCTS crystal sample, using 1°C min −1 as heating rate, is plotted in Fig. 1a . It indicates the presence of two endothermic anomalies with offset (peak) temperature at 75.7°C (81.9°C) and 141.9°C (144.9°C), respectively. These are within the temperature ranges where, respectively, the isostructural phase transition [5, 7, 14, 15] and the superprotonic phase transition [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] have reportedly occurred. The temperature evolution of the dc ionic conductivity of another fresh PCTS flat crystal, heated at 0.2°C min
, has been overlapped with the DSC curve in Fig. 1a . With increased temperature, the sample has two relevant conductivity jumps with maximums at 79 and 143°C. The coincidence between these temperatures and the DSC peak temperature values of the two thermal events (81.9 and 144.9°C) suggests that the endodermal anomalies correspond to the required energies to produce the isostructural and the superprotonic phase transitions, respectively. However, if the conductivity is plotted by using the Arrhenius representation (not shown here), the slope over nearly the whole temperature range between the two endothermal anomalies and that just above the reported superprotonic phase transition is positive, implicating a negative activation energy. This is physically unreliable because this parameter (corresponding to the energy required by an ion, located in a potential well, to overcome the energy barrier) must be a positive value. Figure 1b presents the mass temperature evolution simultaneously recorded (on the same PCTS sample) with the DSC signal shown in Fig. 1a . The TG-DSC simultaneous technique used here permits comparing these signals with total confidence. The temperature derivate of the TG curve (DTG) is also presented in Fig. 1b . The TG curve displays two small, but evident, weight losses that in the respective DTG curve correspond to two maxima with 80.7 and 146.8°C peak temperature values, respectively. When comparing these values to the DSC peak temperatures (81.9 and 144.9°C), the coincidence is clear and, therefore, we propose that the endothermic anomalies are exclusively consequential of a chemical transformation. The two weight loss steps correspond to two events in which a part of the liquid water evaporates, which occurs as consequence of the surface thermal decomposition of PCTS. The result presented in Fig. 1b contradicts to that reported by Merinov et al. [17] who, in their TG measurement, did not find weight loss events associated with any of the phase transitions. Furthermore, although Suzuki and Hayashi [1] assume the existence of a superprotonic phase in PCTS, its TG-DTA measurement supports the hypothesis posed here, given that it clearly presents a weight loss event at the same temperature (144°C) where the DTA endothermic peak occurs. Considering that the decomposition eq. (1) on PCTS and the surface thermal decomposition eq. (4) on CHS take place around the same temperature (141°C [5, 18] ), we suggest that when the PCTS crystal is heated through the two weight loss events, the endothermic anomalies with onset temperatures at 75.7 and 141.9°C are consequence of two thermal decomposition events, where the following chemistry reaction takes place on and near the sample surface:
However, considering that reaction (2) on PCTS and the preliminary thermal decomposition on CHS, according to eq. (4), take place at relatively similar temperatures (87°C [16] . b TG signal and its respective temperature derivative curve, DTG and 62°C [18] , respectively) [16] , the following reaction is also possible:
Additionally, because the weight losses of the two events are equal (0.15%) while the enthalpy of the first event ), we believe that most of the water produced in the first event evaporates because the reaction takes place on the outermost surface of the crystal (forming a very thin layer of Cs 2 S 2 O 7 and Cs 2 SO 4 (or Cs 3 H(SO 4 ) 2 ) covering the sample). Most of the water (liquid) produced by the reaction in the second event (in the innermost regions of the sample) is bound to the other decomposition products, like that proposed by Baranov et al. [16] . This interpretation could explain the reversible [4, 8, 10, 11] property of the proposed superprotonic phase transition. Furthermore, the fact that the temperature evolution of the X-ray diffraction patterns by Sakashita et al. [29] keeps the room temperature diffractogram up to 147°C (where, according to these authors, the roomtemperature phase transforms to the superprotonic phase transition) indicates that the amount of the solid decomposition products generated in the first decomposition event was lower than the equipment's sensitivity. In fact, this is consistent with the isostructural definition assigned to the phase transition around 87°C [5, 14] . In addition, according to the electrical measurements by Yakushkin et al. [4] when PCTS is heated a few degrees after the superprotonic phase transition, the sample contains 25% of the weight of CHS. Given that this corresponds to enough amount of decomposed products to be detected by conventional X-ray diffraction equipment, the high-temperature X-ray diffraction pattern by Sakashita et al. [29] could be misinterpreted as a PCTS single hightemperature phase. According to Yakushkin et al. [4] , the proposal that CHS is one of the decomposition products is not only due to the coincidence in the value of the superprotonic transition temperature that PCTS and CHS salts present (141°C), but also in the value of the enthalpy change (24 and 23 J g −1 for PCTS and CHS, respectively).
However, if this reasoning is correct, when PCTS is heated just before the superprotonic phase transition takes place, approximately 100% of the sample (that initially at room temperature was a single PCTS phase) must be CHS monoclinic phase. This conjecture is stoichiometrically impossible. Certainly, because only 25% of the sample weight is CHS, the enthalpy value measured in the endothermic anomaly associated with the superprotonic phase transition in PCTS should be only a quarter of the measured enthalpy change of 24 J g −1 (6 J g
−1
).
It is also important to indicate that, according to literature data, the value of the superprotonic transition temperature of PCTS has a significant dispersion of 12°C (135°C [17] -147°C [1, 29] ) and, therefore, the reported lower and higher superprotonic transition temperatures do not coincide with the superprotonic transition temperature of CHS (141°C). This high data dispersion is not exclusive to the superprotonic phase transition temperature, as indicated in the introduction, it also occurs for the isostructural phase transition temperature, which disperses into a 32°C temperature interval. This phenomenon is more consistent with the properties of a chemical transformation than with a physical transformation, like a first-order phase transition. In fact, the value of the surface thermal decomposition onset temperature is topo-chemically dependent on the type and surface concentration of structural defects. These constitute nucleation sites, where the chemical reaction initiates. Therefore, the surface decomposition offset temperature for a crystal with high crystalline surface quality will be higher than that of a crystal with low crystalline surface quality. . a DSC signal and the same conductivity curve shown on Fig. 1a . b TG signal and its respective temperature derivative curve, DTG different from that shown in Fig. 1. Here (Fig. 2a) , the first DSC endothermic anomaly observed in Fig. 1a is not present, but the respective weight loss event is not registered either. Therefore, we believe that the surface quality of the specific crystal selected for the simultaneous TG-DSC measurement from Fig. 2 is so high that it starts to decompose at around 141°C. The absence of endothermic anomaly below this temperature, where no weight loss is registered, constitutes solid evidence that the endothermic anomaly observed in Fig. 1a is an exclusive consequence of a chemical transformation. Moreover, according to Fig. 2 , the single weight loss step (0.42%) and the enthalpy change associated to the endothermic anomaly (25.0 J g −1
) account for a greater number of broken chemical bonds (greater amount of decomposition products) than that for the first sample. On Fig. 2a , the same ionic conductivity signal shown on Fig. 1a is also overlapped. Here, the high-temperature endothermal anomaly (and the weight loss step) coincides with the high-temperature conductivity jump, but the low-temperature one is not accompanied by a DSC (and DTG) peak, probably because the quality of the specific crystal selected for the conductivity measurement is like that chosen for the Fig. 1 measurement. If the sample used by Sakashita et al. [29] behaved as the sample chosen for the Fig. 2 experiment, but starting its relevant thermal decomposition at 147°C, its X-ray diffraction temperature evolution is explained under our chemical transformation hypothesis: the high-temperature diffractogram might correspond to an X-ray diffraction overlapping response of the PCTS room temperature phase and its crystalline products (eqs. 5 or 6). Figure 2 also shows solid evidence that supports the fact that the energy absorbed by the sample does not originate in the superprotonic phase transition of CHS (generated as a PCTS decomposition product, see eqs. 2 or 3). Given that decomposition chemical reactions require energy and no endothermic anomaly appears below its reported superprotonic transition temperature (~141°C), it is not possible to explain the chemical generation of CHS from the PCTS sample. Therefore, the conductivity jumps observed around 141°C, which occur simultaneously with the endothermic anomaly and the weight loss event (Figs. 1 and 2) , are exclusively consequential of a chemical transformation of PCTS and not of a physical transformation of CHS.
To examine our phenomenon interpretation that the endothermal anomaly associated to the thermodynamic superprotonic phase transition corresponds instead to a kinetic transformation, the MDSC thermal results for a PCHS crystal, heated at 0.2°C min −1 , are shown in Fig. 3 . This technique allows separating the time-dependent (kinetic) component from the time-independent (heat capacity) component of the thermal response of the sample to a modulated heat flow [30] . The enthalpy change associated with the thermal event at 139.7°C, as measured from the kinetic component, corresponds to 98.5% (26.8 J g ). Given that all decomposition reactions are time-dependent phenomena, the results suggest that 98.5% of the total ΔH is associated with chemical processes. The remaining 1.5% value measured for the heat capacity component (0.4 J g −1 ) of the very small MDSC peak could be associated with the physical transformation from low proton to a superprotonic phase. Moreover, the small endodermal anomaly at 95.3°C is fully time-dependent. This evokes the Baranov et al. [16] interpretation that when PCHS is heated through 87°C, a chemical reaction produces CHS. However, according to the MDSC measurements, the non-kinetic component of the enthalpy change value of the high-temperature transformation (0.
is not enough to produce the superprotonic phase transition on CHS. As a matter of fact, the theoretical entropy configurational change, ΔS, calculated by Crisholm [31] and our onset temperature value (139.7°C), the enthalpy change associated with this transformation is 26.8 J g . This corresponds to the energy required to excite two SO 4 tetrahedral reorientations on CHS, which is essential to reach the superprotonic phase. Moreover, if we ignore the weight loss event in Fig. 1b and Fig. 2b at around 141°C and assume that the superprotonic first-order phase transition is a kinetic phenomenon, our respective enthalpy change (26,8 J g
) exactly coincides with the theoretically required CHS enthalpy change value. However, for it to be possible, the whole sample must be composed by a single CHS phase, which is stoichiometrically impossible.
To confirm the time-dependence nature of the low-and high-temperature transformations of PCHS, another classical kinetic experiment was performed. It is known that if the onset temperature of a DSC thermal anomaly shifts to hightemperature values while heating rate increases, the respective transformation corresponds to a kinetic phenomenon. Figures 4 and 5 present this experiment for the low-and hightemperature transformation, respectively. To use samples with similar surface crystal quality on each experiment, a crystal was cut into three pieces to be heated at three different heating rates, respectively. Figure 4 indicates that when three fresh samples are heated at 1, 5, and 10°C min −1 , the respective onset temperature values are 70.3, 78.8, and 87.0°C, respectively. This means that the onset temperature of the sample heated by using the low heating rate shifts 16.7°C, to a higher temperature, if it was heated at the high heating rate. Figure 5 shows a similar behavior. Here, the onset temperature of the sample (140.4°C) heated by using the low heating rate (1°C min −1 ) shifts 12.0°C, to a higher temperature, if it was heated at the high heating rate (100°C min
). In this case, to achieve a similar onset temperature shift, a higher heating rate was required. Anyhow, these results present solid evidence that both low-and high-temperature transformations are time-dependent phenomena. Moreover, if we assume that the proposed structural phase transition at the superprotonic transformation was a time-dependent phenomenon; its relaxation time should be significantly different to that of the chemical decomposition process. Therefore, if these two phenomena are overlapped, using a high heating rate (as that of 100°C min . A similar analysis applies to the low-temperature transformation (Fig. 4) .
In summary, we interpret the results in Fig. 1 as follows: when a PCTS is heated through the low-temperature transformation, as a consequence of the surface chemical transformation of eq. (5) (or (6)), the homogeneous sample, constituted by the room-temperature PCTS single-phase (hexagonal symmetry P6 3 /mmc), becomes a heterogeneous system where the room-temperature phase persists into the bulk, and a fine layer composed by Cs 2 S 2 O 7 , Cs 2 SO 4 (or Cs 3 H(SO 4 ) 2 ), and liquid water is located at its surface. Most of the water produced evaporates, but a small portion of liquid water binds to the solid products, especially to the hygroscopic Cs 2 S 2 O 7 [18] , which corresponds to polymeric material. As proposed for the CHS case [18] , it takes the role of a host matrix that contains liquid water regions. Consequently, given that part of the water dissolves a portion of surface salt (providing protons), the surface system behaves quite similar to a PEM where the proton transport mechanism includes the vehicle type, using hydronium (H 3 O + ) as a charge carrier. This explains the first conductivity jump that at 79°C appears simultaneously with a DSC peak and a weight loss step. On further heating, water progressively evaporated but the solid layer at around the sample hindered the chemical decomposition progression into the bulk, and conductivity reduces monotonically. At around 141°C, a second partial decomposition event in the bulk takes place. Now, a significant portion of the water produced is trapped inside the bulk sample, generating a higher amount of dissolved salt. This accounts for the highest conductivity jump at around this temperature. On further heating, just above 141°C, conductivity reduces because of the water content reduction. With respect to the results in Fig.  2 , the second conductivity jump is consistent with the DSC and DTG peaks, but the first conductivity jump (at 79°C) is not accompanied by any endothermal anomaly (and weight loss step). This demonstrates that the topo-chemical surface properties of the sample used for the conductivity measurement are like that used on the simultaneous TG-DSC , respectively. As in Fig. 4 , vertical arrows indicate the onset peak temperature at each heating rate and horizontal arrows show the temperature interval between the lowest heating rate onset temperature and the intermediate and highest heating rate onset temperature, respectively measurement shown in Fig. 1 , but different for that sample used on the respective simultaneous TG-DSC measurements shown in Fig. 2 . Here, only one relevant thermal decomposition takes place around 141°C, but at this temperature, the ionic conductivity interpretation is like that described for Fig. 1 .
Conclusions
Although some chemical transformations have been proposed to occur above room temperature on Cs 5 H 3 (SO 4 ) 4 ·xH 2 O, all authors coincide in that the conductivity increase observed at around 141°C is consequential of a physical transformation: the superprotonic phase transition. This belongs to Cs 5 H 3 (SO 4 ) 4 ·xH 2 O itself or to its thermal decomposition product CsHSO 4 . From our phase interrelationship study on this solid acid salt, based on our simultaneous TG-DSC, MDSC, DSC, and dc ionic conductivity analyses, we conclude that this transformation is not physical in nature. It was found that the conductivity increase is an exclusive consequence of the surface chemical transformation where liquid water phase, Cs 2 SO 4 (or Cs 3 H(SO 4 ) 2 ), and the hygroscopic polymeric material Cs 2 S 2 O 7 are the most probable decomposition products. Even though part of the water evaporates, the rest binds to the solid products, especially to the polymeric compound. As proposed for the CsHSO 4 case [18] , it takes the role of a host matrix that contains liquid water regions. Consequently, given that part of the water dissolves a portion of surface salt (providing protons), the decomposed system behaves like a PEM, where the proton transport mechanism includes the vehicle type, using hydronium (H 3 O + ) as a charge carrier. Regarding the intermediate-temperature transformation, at around 87°C, some authors associate it to a physical (socalled isostructural phase transition) and others to a chemical transformation. Our results also favor the chemical, instead of the physical, transformation.
Although the results presented here are not technologically encouraging, these are useful to the extent that they suggest redirecting scientific efforts towards truly solid superprotonic conductors.
